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Abstract

Background: Recently, many automated immunoassay analyzers have been developed for carcinoembryonic antigen (CEA)

to overcome the shortcomings in traditional immunoassay methods that are time-consuming and labor-intensive. Flow injection

immunoassay (FIIA) has been increasingly applied to laboratory medicine due to its ease in automation, rapid speed and

reproducible results. It is important to develop a FIIA method for CEA determination. Methods: Based on a noncompetitive

immunoassay format, a CEA-immobilized immunoaffinity column inserted in the flow system was used to trap the unbound

horseradish peroxidase (HRP)-labeled antibody after an off-line incubation of CEA and HRP-labeled anti-CEA. The trapped

enzyme conjugate was detected by injecting substrates to produce an enhanced chemiluminescence (CL). Results: The linear

range for CEA was 1.0–25 ng/ml with a correlation coefficient of 0.997 and a detection limit of 0.5 ng/ml. The sampling and

chemiluminescence detection time for one sample was 5 min after a preincubation procedure of 25 min. Twenty five human

serum samples detected by this method were in good agreement with the results obtained by immunoradiometric assay (IRMA).

Conclusions: This method could be used for rapid analysis of CEA and potentially other antigens.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the management of cancer patients, tumor-asso-

ciated antigens in serum have been used in noninva-
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sive tests for relapse detection [1]. Carcinoembryonic

antigen (CEA), an important tumor-associated anti-

gen, is an acidic glycoprotein with a molecular weight

of about 200 kDa and has been expressed in many

malignancies [2,3]. The concentration of serum CEA

is related to colon cancer [2–4], lung cancer [5,6],

ovarian carcinoma [7] and breast cancer [8–10]. The

detection of serum CEA level plays an important role

in monitoring patients after therapy.

The traditional assay for serum CEA is radioim-

munoassay and enzyme immunoassay (EIA), which
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are based on the specificity and selectivity of anti-

body–antigen reaction [11,12]. There is an ongoing

effort to eliminate radioactive materials in immuno-

assays. Conventional EIA has the disadvantages of

being time-consuming, have poor precision and are

difficult to automate. Recently, a fully automated,

random-access, Walk-way immunoassay analyzers

have been used in clinical practice because of its

efficient use of labor, minimal sample and reagent

manipulation, easy automation and flexibility [13,14].

Here, we combine flow injection analysis (FIA),

introduced in 1975 [15], to immunoassay and estab-

lish the flow injection immunoassay (FIIA), for the

detection of tumor markers. Compared to the existing

automated method, the FIIA requires simpler and

cheaper instrumentation and has better reproducibility.

This technique has been applied to many fields such

as food, pharmaceutical, environmental and clinical

assays [16–22].

The sensitivity of EIA depends on both the detection

method and the sensitivity of the enzyme labeled on

immunoreagent [23]. The enzymes used widely as

labels include horseradish peroxidase (HRP) and alka-

line phosphatase [24], which can be detected by pho-

tometry, fluorescence or chemiluminescence (CL)

techniques [17]. The combination of CL with FIA is

useful because CL is relatively simple, has very low

detection limits and wide dynamic range [25]. HRP is

commonly used in CL detection by catalyzing the

luminol oxidation of hydrogen peroxide (H2O2). To

detect HRP at a very low level, several compounds such

as phenol derivatives [26,27], carbon dioxide [28],

fluorescein [29] and phenylboronic acid [30] have been

used to enhance the emission intensity of luminol

chemiluminescent system. Although p-iodophenol

(PIP) has been used for immunoassay for rabbit IgG

[16], study of real-time antigen–antibody interaction

[31] and dichlorpropmethyl ester [32] andDDT [33] by

the enhanced chemiluminescent methods, it has not

been used in the determination of tumor marker. The

noncompetitive FIIA was proposed in 1993 [23] to

detect a hapten by measuring fluorometrically the

HRP-labeled antibody–hapten complex, which was

separated from the free HRP-labeled antibody by bind-

ing the latter to the affinity column. It overcomes the

limitations presented in competitive assay [34], is faster

than a conventional EIA and can be fully automated

[23,35].
2. Materials and methods

2.1. Materials and reagents

Horseradish peroxide (HRP, Sigma), CEA stan-

dard solutions (Wallac Oy, Turku, Finland), HRP-

labeled anti-CEA solution (Everlong, CA, USA),

CNBr-activated Sepharosek 6MB (Amersham Phar-

macia Biotech, Sweden), luminol (Shanxi Normal

University, China), p-iodophenol (PIP, Weihai New-

era Chemical, China) and H2O2 (Shanghai Chemical

Plant, China) were used. All other reagents were of

analytical-reagent grade and used without further

purification. Luminol, 0.01 mol/l, and 0.01 mol/

l PIP stock solutions were kept in the dark and

diluted using 0.1 mol/l pH 8.5 Tris–HCl buffer

solution prior to use. H2O2 working solution was

prepared by appropriate dilution of 30% solution

with 0.1 mol/l pH 8.5 Tris–HCl buffer solution

daily.

2.2. Preparation of immunoaffinity columns

The following buffers were used to prepare anti-

gen-modified sepharose for preparation of immunoaf-

finity column: coupling buffer (0.1 mol/l NaHCO3/0.5

mol/l NaCl, pH 8.0), washing buffers (0.1 mol/

l CH3COONa–CH3COOH/0.5 mol/l NaCl, pH 4.5

and 0.1 mol/l Tris–HCl/0.5 mol/l NaCl, pH 8.0) and

blocking buffer (0.1 mol/l NaHCO3/0.2 mol/l glycine,

pH 8.5). The preparation of immunoaffinity column

was performed according to Amersham Pharmacia

Biotech. Freeze dried powder of CNBr-activated

Sepharosek 6 MB (100 mg) was suspended in 1

mmol/l HCl. The swollen sepharose was washed with

1 mmol/l HCl on a sintered glass filter for 15 min and

washed with the coupling buffer and then added to

300 Al CEA of 500 ng/ml to the sepharose gel. The

mixture was incubated for 24 h at 4 jC and then

mixed with the blocking buffer for another 24 h at 4

jC. Finally, it was washed with pH 4.5 and 8.0

washing solutions for three cycles and filled to glassy

tube (1.6 mm inner diameter and 10 cm length).

2.3. Instrumentation

The immunoaffinity column was connected to a

flow system illustrated in Fig. 1. Two peristaltic



Fig. 2. Schematic diagram of noncompetitive enzyme immunoassay

procedure for CEA.
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pumps of Luminescence Analyzer (IFFM-D, Re-

mex Electronic Instrument, Xi’an, China) were

used to deliver flow streams. Polytrafluoroethylene

tubing (0.8 mm i.d.) was used to connect all com-

ponents in the flow system. A multiway valve was

used not only to shift the directions of the fluids,

but also used as a chemiluminescent substrates in-

jection valve. A colorless spiral glass tube (2.0 mm

inner diameter and 10 cm length) was used as the

flow cell, which was connected to the immunoaf-

finity column with a distance as short as possible.

The CL emission was detected by the photo-mul-

tiplier tube (PMT) placed near the flow cell and

recorded.

2.4. Noncompetitive flow injection immunoassay

A diagram of the noncompetitive enzyme immu-

noassay was shown in Fig. 2. Phosphate buffer

solution (PBS), 0.1 mol/l, pH 7.0 was used as the

carrier. A 50-Al sample of diluted HRP-labeled anti-

CEA solution in 0.1 mol/l pH 7.0 PBS was mixed

with 50 Al CEA standard solution at room temper-

ature for 25 min. One hundred microliters of the

immunomixture was taken rapidly to the front end

of the immunoaffinity column, then carried by PBS

through the column at a flow rate of 0.1 ml/min. At

the same time, luminol, PIP and H2O2were mixed.

After the unbound enzyme conjugate was trapped

by CEA modified gel, 100 Al mixture of these CL

substrates was injected by turning the valve and

carried to the column. The CL signal was detected

and recorded. The modified gel was regenerated by

0.1 mol/l pH 2.2 glycine–HCl and then equilibrated

by 0.1 mol/l pH 7.0 PBS. The total detection time
Fig. 1. Schematic diagram of the chemiluminescent noncompetitive

FIIA system: (P) peristaltic pump, (V) eight-way valve, (C)

immunoaffinity column, (PMT) photo-multiplier, (D) detector and

(PC) computer.
including sampling and the regeneration of 2 min

was about 5 min.
3. Results and discussion

3.1. Optimization of CL detection system

FIIA performance depends on both assay proce-

dure and the characteristics of substrates. CL emission

intensity is sensitive to a variety of environmental

factors such as temperature, solvent, ionic strength,

solution pH and other species present in the system.

We examined the effects of the concentrations of

luminol and H2O2, CL detection buffer solution and

flow rate on CL intensity in presence of HRP-labeled

anti-CEA with a dilution of 1:20. The CL intensity

reached the maximum value at the H2O2 and luminol

concentrations of 1.0 and 0.5 mmol/l when the con-

centrations of luminol and H2O2 were set at 0.5 and

1.0 mmol/l, respectively. The CL emission in the

Tris–HCl buffer was more stable than in other buffers

such as PBS, Na2CO3–NaHCO3. Under optimal

conditions, the CL emission of luminol–H2O2 system

was enhanced upon addition of PIP, which accorded

with the conclusion reported in Ref. [16]. As seen in

Fig. 3, with an increasing PIP concentration, the CL

emission increased and reached a maximum value at

0.4 mmol/l. Thus, 0.1 mol/l pH 8.5 Tris–HCl buffer

solution containing 1.0 mmol/l H2O2, 0.5 mmol/

l luminol and 0.4 mmol/l PIP was selected as the

CL detection solution. Considering the stability and

sensitivity of CL emission, the flow rates of luminol–

PIP mixture and H2O2 were selected at 0.9 ml/min,

respectively. The total flow rate of substrates through

the column to the flow cell was 1.8 ml/min.



Fig. 3. Effect of PIP concentration on CL intensity of 1.0 mmol/l

H2O2 and 0.5 mmol/l luminol in the presence of HRP-labeled anti-

CEA with a dilution of 1:20.

Fig. 4. Effect of HRP-labeled anti-CEA dilution on CL intensity of

1.0 mmol/l H2O2, 0.5 mmol/l luminol and 0.4 mmol/l PIP.
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3.2. Optimization of immunoassay procedure

The performance evaluation of immunoassay sys-

tem included the optimization of the working concen-

tration of HRP-labeled anti-CEA, preincubation time

for the immunoreaction between analyte CEA and

enzyme conjugate and the residence time of the

reaction mixture in the immunoaffinity column.

The working concentration of HRP-labeled anti-

CEA was selected to give a compromise with a good

sensitivity and a wide assay range. The optimal dilu-

tion of HRP-labeled anti-CEA solution was estab-

lished by injecting different diluted enzyme

conjugate solutions into the column. The trapped

HRP-labeled antibody enhanced the chemiluminescent

reaction when the chemiluminescent substrates flowed

through the column. The plot of CL intensity vs. the

dilution of the enzyme conjugate solution was shown

in Fig. 4. The CL signal trended to a plateau at a

dilution of 1:20, which meant that all of the specific

sites of immobilized CEA were occupied. Thus, 1:20

dilution of HRP-labeled anti-CEA was chosen as the

working solution in this work.

A sample containing 5.0 ng/ml CEAwas incubated

with a 1:20 dilution of enzyme conjugate at room

temperature for different time intervals, and then the

solution was injected into the flow system to obtain an

optimal preincubation time (Fig. 5). With an increas-
ing preincubation time, the CL signal decreased and

trended to a minimum value after a preincubation time

of 25 min, indicating a maximum combination of

CEA with enzyme conjugate. A preincubation time

of 25 min was chosen for CEA detection.

The residence time of the immunomixture in the

immunoaffinity column depended on both the column

dimension and the flow rate of the mixture through the

column. The flow rate decided the binding efficiency

of the free enzyme conjugate to the immobilized CEA

on the gel surface. At a high flow rate, the free enzyme

conjugate was partially removed from the preincuba-

tion mixture due to a short residence time. The

complete capture of the free enzyme conjugate needed

a long time, which was disadvantageous to practical

application of this method. Herein, the column dimen-

sion was fixed at 1.6 mm inner diameter and 10 cm

length. Fig. 6 shows the effect of the flow rate on the

trapping efficiency of the immunoaffinity column to

the free enzyme conjugate. The output signal increased

with a decreasing flow rate, indicating the flow rate of

the preincubation mixture through the column was an

important factor for the efficient trapping of the free

enzyme conjugate. At a flow rate of 0.1 ml/min, at

which the time of the preincubation mixture through

the column was about 2 min, the capture of the free

enzyme conjugate could reach 70% of that at a static

state for 30 min. Considering the whole analytical time



Fig. 5. Dependence of CL intensity on preincubation time of 5.0

ng/ml CEA with enzyme conjugate of 1:20 dilution at room

temperature.

J. Lin et al. / Clinica Chimica Acta 341 (2004) 109–115 113
and the practical application of this method in serum

CEA detection in batch, 0.1 ml/min was selected as the

flow rate of the preincubation mixture or sampling

rate.

3.3. Noncompetitive flow injection immunoassay for

CEA

Under optimal conditions, typical CL signals

obtained with the noncompetitive immunoassay for
Fig. 6. Effect of flow rate of preincubation mixture after a

preincubation time of 25 min through the immunoaffinity column

on the trapping efficiency of the free enzyme conjugate. Other

conditions are the same as in Fig. 5.
CEA were shown in Fig. 7. The black signal was

measured when 0.1 mol/l pH 8.5 Tris–HCl buffer

solution containing 1.0 mmol/l H2O2, 0.5 mmol/

l luminol and 0.4 mmol/l PIP flowed through the

column at a total flow rate of 1.8 ml/min without

the trapping of HRP-labeled anti-CEA. With the

increasing CEA concentration, the CL signal de-

creased and trended to the black value at the CEA

concentrations >25 ng/ml, indicating most of HRP-

labeled anti-CEA in the preincubation solution

bound with CEA; thus, little HRP-labeled anti-

CEA was trapped in the column. The plot of relative

CL signal (the difference between the CL signal in

presence of trapped HRP-labeled anti-CEA and the

black value) vs. the CEA concentration showed a

linear decrease from 1.0 to 25 ng/ml with a corre-

lation coefficient of 0.997 (inset in Fig. 7). The

precision of CEA at 5 ng/ml (n = 5) was 2.5%. The

assay time including preincubation step was 30 min

for per sample. The detection limit, taken as the

concentration equivalent to a 10% decrease in signal

[36–38], was 0.5 ng/ml, well within the requirement

for clinical analysis. When CEA concentration was

>25 ng/ml, the detection needed a dilution of

sample or higher concentration of HRP-labeled

anti-CEA used in the preincubation step. The latter

needed to obtain a new calibration curve for CEA

detection.
Fig. 7. FIA diagram from noncompetitive immunoassay of CEA at

different concentrations at a sampling interval of 5 min. Black peaks

were generated from the CL reaction between substrates without

sampling steps. Inset: calibration curve for CEA.
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3.4. Accuracy and clinical application

The accuracy of the CEA determination was ex-

amined by comparing the results obtained with this

method and immunoradiometric assays (IRMAs). The

mean CEA concentrations in 25 sera samples were

determined with IRMA and this proposed method.

The relative deviations of these results between the

two methods were in � 8.80~10.0%.

3.5. Stability of the immunoaffinity column

The stability of the immunoaffinity column was

assessed by intra- and inter-assay variation coeffi-

cients (CVs). The intra-assay CV was the difference

among three determinations of one sample on the

same column after the column was regenerated. The

inter-assay CV was the difference among the measure-

ments of the same sample on three different columns.

The intra- and inter-assay CVs obtained at CEA

concentration of 5.0 ng/ml were 1.42% and 8.10%,

respectively. The low value of intra-assay CV indi-

cated the column could be regenerated and used

repeatedly. After the column was regenerated for 30

times, the analytical performances did not show

significant decrease.
4. Conclusions

A new simple enzyme immunoassay for CEA by

combining noncompetitive flow injection with en-

hanced CL detection is described. The free enzyme

conjugate is separated from the preincubation mix-

ture with an immunoaffinity column and detected

by injecting the chemiluminescent substrates into

the column. In comparison with the conventional

EIA approaches, this proposed method is simpler,

sensitive (0.5 ng/ml) and rapid (5 min). This meth-

od could be further developed for other antigens

requiring fast turnaround times, such as troponin or

CK-MB.
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[10] Jezeršek B, Cervek J, Rudolf Z, Novakovic S. Clinical eva-

luation of potential usefulness of CEA, CA 15-3, and MCA

in follow-up of breast cancer patients. Cancer Lett 1996;110:

137–44.

[11] Alumanda MDR, Minoru K. Trapping method of antibodies

on surfaces of polymerizing discs for enzyme immunoassay.

Anal Chim Acta 1995;312:85–94.

[12] Eckert K, Fuhrmann-Selter T, Maurer HR, Büttner P. A co-
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